• Arbuscular mycorrhizal fungi translocate polyphosphate through hyphae over a long 2 distance to deliver to the host. More than three decades ago, suppression of host 3 transpiration was found to decelerate phosphate delivery of the fungal symbiont, 4 leading us to hypothesize that transpiration provides a primary driving force for 5 polyphosphate translocation, probably via creating hyphal water flow in which 6 fungal aquaporin(s) may be involved. 7
Introduction 26
27 Arbuscular mycorrhizal (AM) fungi form symbiotic associations with most land plants: 28 the fungi take up and deliver inorganic phosphate (Pi) to the host through hyphal 29 networks constructed both in the soil and roots (Smith & Read, 2008) . Pi is poorly 30 mobile in the soil, but the fungi accumulate polyphosphate (polyP) in the vacuoles 31 (Viereck et al., 2004; Kuga et al., 2008) and translocate it to the host more rapidly than 32 48 There is increasing evidence that mycorrhizal fungi transport water towards the host 49 (Egerton-Warburton et al., 2007; Li et al., 2013; Xu et al., 2015) . Although the 50 (Supporting Information Figure S3 ). Without these treatments, application of 1 mM Pi 176 solution to the HC triggered rapid accumulation of polyP in extraradical mycelia in the 177 HC, followed by gradual increases in polyP in the mycorrhizal roots (intraradical 178 mycelia) in the RHC (Supporting Information Figure S4 ), indicating that polyP 179 accumulated in the extraradical mycelia was translocated to intraradical mycelia 180 several hours after Pi application (Hijikata et al., 2010) . The dark and shoot removal 181 treatments increased the polyP levels in the HC and decreased those in the RHC, but 182 the effect of ABA was not obvious, likely reflecting the suppression levels of 183 transpiration in these treatments. Correlation analysis between the rates of transpiration 184 and polyP translocation to the RHC was conducted using a combined dataset of all 185 three experiments; the translocation rates were positively correlated with the 186 transpiration rates (r = 0.65, P < 0.01) (Figure 1) , indicating that the suppression of 187 transpiration decelerated polyP translocation towards the roots. The ATP levels in 188 extraradical mycelia in the HC were not altered by the suppression of transpiration 189 (Supporting Information Figure S4 ) . 190 191 Identification and characterization of fungal aquaporin genes 192 193 Three putative aquaporin genes, RcAQP1, RcAQP2, and RcAQP3, sequences were found in 19,493 gene models predicted by the RNA-Seq. Phylogenetic 195 analysis (Figure 2a ) indicated that RcAQP1 and RcAQP2 are most similar to the R. 196 irregularis orthodox aquaporins RiAQPF1 and RiAQP1, respectively, that showed low 197 or no water transport activity (Aroca et al., 2009; Li et al., 2013) . RcAQP3 was highly 198 similar to the aquaglyceroporins of R. irregularis (RiAQPF2) and L. bicolor 199 (Lacbi1:247946) of which water transport activity across the plasma membrane was 200 confirmed (Dietz et al., 2011; Li et al., 2013) . RcAQP3 was most highly expressed both 201 in extraradical and intraradical hyphae among the three both in L. japonicus and N. 202 benthamiana (Figure 2b) . Accordingly, we considered that RcAQP3 would play a 203 major role in water transport in the fungus and thus chose the gene for further analysis. 204 205 RcAQP3 encodes a putative polypeptide of 316 amino acids with the NPA motifs in 206 the loops B and E (Supporting Information Figure S5 ), which are typical features of 207 aquaporins (Pettersson et al., 2005) . Water transport activity of RcAQP3 across the 208 plasma membrane was confirmed by heterologous expression in the yeast 209
Saccharomyces cerevisiae; protoplasts of the cell transformed with a vector carrying 210
RcAQP3 burst more rapidly than those of the control transformant in response to a 211 hypo-osmotic shock (Figure 2c ). 212
Impact of RcAQP3 knockdown on polyphosphate translocation towards the 213 host 214
215
Preliminary experiments showed that RcAQP3 expression in the mycorrhizal roots was 216 successfully knocked down from two to three weeks after viral inoculation, which did 217 not affect the expression levels of RcAQP2 that is moderately expressed in intraradical 218 hyphae (Supporting Information Figure S6 ). One of the siRNAs originated from the 219 RcAQP3 insert was detected in the roots inoculated with the knockdown virus by 220 stem-loop PCR, confirming that the reduction in RcAQP3 expression was induced by 221 the siRNAs. Accordingly, we decided to conduct the main experiments three weeks 222 after viral inoculation. 223
224
In the main experiments, RcAQP3 expression was reduced to 32 -35% of the control 225 levels, and these levels were maintained before and 24 h after Pi application (Figure 226 3a) . Pi application to the HC triggered massive accumulation of polyP in the HC both 227 in the knockdown and control treatments, but in the knockdown treatment little polyP 228 was translocated to the RHC even 24 h after Pi application (Figure 3b ). In fact, there 229 was a strong positive correlation between the rates of polyP translocation and RcAQP3 230 expression (r = 0.90, P < 0.001) ( Figure 3c ). 231
232
The knockdown of RcAQP3 significantly reduced shoot dry weight and phosphorus (P) 233 content by 27.5% and 25.4%, respectively, but did not affect transpiration (Supporting 234 Information Figure S7 ). Shoot dry weight was significantly correlated with P content (r 235 = 0.84, P < 0.01), suggesting that plant growth was limited by Pi availability under the 236 experimental conditions. The RcAQP3 knockdown did not alter expression levels of 237 the indicator genes for fungal biomass (RcTUBα) and functional colonization 238 (mycorrhiza-specific Pi transporter gene NbS00058434g0003) (Supporting Information 239 Figure S8 ). Fresh weight and ATP content of extraradical mycelia in the HC were also 240 not different between the knockdown and control treatments. All these observations 241 indicated that the knockdown of RcAQP3 significantly reduced Pi uptake of the host, 242 but had a minimum impact on fungal biomass, functional colonization, and energy 243 status. 244
245
Discussion 246 247 The present study provides the first insight into the mechanism of polyP translocation 248 at the molecular level via applying VIGS. The fungal aquaglyceroporin RcAQP3 is 249 highly expressed in intraradical mycelia and responsible for water transport across the 250 plasma membrane, and the knockdown of the gene, as well as the suppression of 251 transpiration, decelerated polyP translocation towards the roots without altering the 252 fungal physiological status. These results provide evidence that there is a mechanism 253 for directional polyP translocation towards the roots, in which host transpiration and 254 the fungal aquaporin play key roles. 255
256
The feasibility of gene silencing in AM fungi was first demonstrated by host-induced 257 gene silencing (HIGS), in which the hairy root culture transformed with the RNAi 258 construct was employed (Helber et al., 2011) . Both in VIGS and HIGS, siRNAs 259 generated in the host tissue would be transferred to the fungal cell, probably through 260 the exocytic/endocytic exchange mechanisms at the plant-fungal interface, and trigger 261 gene silencing (Nowara et al., 2010) . One benefit of VIGS is that selection of stable 262 genetic transformants is unnecessary, and thus the technique enables rapid screening of 263 candidate genes (Sahu et al., 2012) . In addition, gene silencing can be induced at any 264 developmental stage of target organisms in VIGS, which allows us to study genes that 265 are expressed in mature to late developmental stages of the targets. 266
267
We propose a new role of the fungal aquaporin in solute transport. To interpret the 268 roles of plant transpiration and the fungal aquaporin in the processes, we constructed a 269 model based on the findings, clarifying issues that remain to be addressed in the future 270 ( Figure 4 ). In this model, transpiration provides a primary driving force for polyP (and 271 probably also Pi) translocation via creating hyphal water flow through the 272 mycorrhiza-inducible plant aquaporin in the periarbuscular membrane (Giovannetti et 273 al., 2012) . RcAQP3 is localized in the fungal plasma membrane, probably enriched in arbuscules (Li et al., 2013) , and mediates the water flow across the membrane. This 276 model raises the following two questions: i) whether there is water flow not only 277 through the cytosol but also through the vacuolar lumen in which polyP is accumulated 278 and ii) how polyP is transported across gaps between vacuoles, which are discussed in 279 the following sections. 280 281 So far, little information about water permeability of tonoplast has been obtained in 282 fungi. One possibility is that RcAQP3 acts as a versatile aquaporin that facilitates 283 water transport not only across the plasma membrane but also across the tonoplast, 284 because RiAQPF2, the aquaglyceropoin encoded by the ortholog of RcAQP3, was 285 localized in intracellular membranes as well as in the plasma membrane (Li et al., 286 2013 ). Elucidation of the mechanism of transvacuolar water flow in AM fungi is 287 necessary. 288 289 Dynamic connections between tubular vacuoles, e.g., extension/fission and subsequent 290 fusion of two vacuoles, would facilitate a pathway for solute transport across gaps 291 between the vacuoles (Shepherd et al., 1993) . In addition, intervacuolar transport may 292 also occur via the cytosol. In R. clarus HR1, not only polyP polymerase genes but also 293 the genes encoding vacuolar polyP hydrolase and vacuolar Pi exporter were 294 up-regulated during polyP accumulation (Kikuchi et al., 2014) . This suggests that 295 polyP/Pi are turning over between the vacuoles and cytosol i.e. Pi generated by 296 hydrolysis of polyP could be released into the cytosol from one vacuole and 297 polymerized in the next vacuole, facilitating a pathway for polyP transport. 298
Knockdown experiments on the hydrolase and exporter genes are currently being 299 undertaken to examine the idea. 300
The finding that host transpiration is involved in polyP translocation in the fungi has 302 important implications for understanding the regulatory mechanisms of nutrient 303 exchange between the host and fungal symbionts. It has been proposed that plant 304 carbon source strength largely regulates fungal Pi delivery (Kiers et al., 2011; 305 Fellbaum et al., 2014) (http://genome.jgi.doe.gov/Gloin1/Gloin1.home.html) as well as against the GenBank 548 nucleotide collection with the BLASTN algorithm at an e-value cutoff 10 -5 , and 549 contigs that showed higher similarity i.e. lower e-value and higher bit score to the 550 sequences in the R. irregularis genome database than those in GenBank were defined 551 to be of R. clarus HR1 origin. ORFs of 50 or longer amino acid residues were 552 predicted and extracted from the contigs by using the utility program of Trinity 553 (transcripts_to_best_scoring_ORFs.pl) and clustered using CD-HIT-EST with a 95% 554 sequence identity cutoff, and then the longest ORFs were selected from each cluster as 555 representatives to minimize duplication of putative splice variants, polymorphisms, 556 and fragmented (frameshifted) ORFs in the predicted gene set (Li & Godzik, 2006 Phylogenetic analysis and construction of neighbor-joining tree was implemented 568 using MEGA 6.06 (Tamura et al., 2013) . 569 27 570 Expression levels of transcripts were estimated based on the number of reads that were 571 uniquely mapped to the corresponding ORF sequences using Burrows-Wheeler 572
Aligner's Smith-Waterman algorithm as described in detail in Kikuchi et al. (2014) . Chemicals, Osaka, Japan) according to the manufacturer's instructions. The empty 587 pYES2 vector was also transformed into the yeast to obtain a control strain. Water 588 transport activity of the yeast was evaluated according to Pettersson et al. (2005) . The 589 transformed cells were grown in 1 ml of the minimal media with 2% raffinose and 2% 590 galactose and without uracil to an optical density at 600 nm (OD 600 ) of 1.2, washed 591 once with sterile water and then with 1 M sorbitol, suspended in 1 ml SCE buffer (1 M 592 sorbitol, 0.1 M sodium citrate, 10 mM EDTA, 0.2 mM β-mercaptoethanol, pH 6.8), 593 digested with 2 000 U ml -1 lyticase (Sigma-Aldrich, Tokyo, Japan) at 30°C for 4 h with shaking, washed twice with STC buffer (1 M sorbitol, 10 mM Tris-HCl, 10 mM CaCl 2 , 595 pH 7.5), and resuspended in 1 ml STC buffer. Then the resultant protoplasts were 596 subjected to a hypo-osmotic shock by diluting the suspension with 4-fold volume of 597 0.5 M sorbitol in the STC buffer (final sorbitol concentration was 0.6 M), and OD 600 598 was monitored immediately after dilution at 5-s intervals for 60 s. these experiments are listed in Supporting Information Table S1.  643  Stem-loop  PCR  was  employed  for  detecting  one  of  siRNAs  645 (ATCGCTCAAACCGTACTTAGCA) generated from the RcAQP3 insert of the 646 knockdown construct according to Varkonyi-Gasic et al. (2007) . Total RNA was 647 extracted from the roots of N. benthamiana in the knockdown and control treatments, 648 reverse-transcribed with the primer RcAQP3-SLPCR_RT (Supporting Information 649 Table S1 ), amplified with the primer pair of RcAQP3-SLPCR, visualized on 650 polyacrylamide gel electrophoresis, cloned into a plasmid vector, and sequenced by the 651 dideoxy method. U6 snRNA was also amplified as internal standard (Feng et al., 652 2013) . benthamiana genes that were up-regulated more than 100-fold in response to 718 mycorrhizal colonization are written in red letters. The mycorrhiza-specific phosphate 719 
OsPT9 ( NbS00058434g0003 in the roots (a), fresh weight of extraradical mycelia (b), and ATP 806 content of the mycelia (c) were determined at time zero (n = 3) and 24 h after Pi 807 application (n = 5). Two-way ANOVA indicated that there were no significant 808 differences between the treatments in all parameters. Vertical bars are ± SE. 809 Table  811 Table S1. Primers used in this study. 812
